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Abstract 

We examine the possibility that the strong CP problem is solved by string- 
theoretic axions in strong-coupling limit of the Eg x Eg heterotic string theory 
(M-theory). We first discuss some generic features of gauge kinetic func¬ 
tions in compactified M-theory, and examine in detail the axion potential in¬ 
duced by the explicit breakings other than the QCD anomaly of the non-linear 
U{l)pQ symmetries of string-theoretic axions. It is argued based on super- 
symmetry and discrete gauge symmetries that if the compactification radius is 
large enough, there can be a [/(l)pQ-symmetry whose breaking other than the 
QCD anomaly, whatever its microscopic origin is, is suppressed enough for the 
axion mechanism to work. Phenomenological viability of such a large radius 
crucially depends upon the quantized coefficients in gauge kinetic functions. 
We note that the large radius required for the axion mechanism is viable only 
in a limited class of models. For instance, for compactifications on a smooth 
Calabi-Yau manifold with a vanishing Eg field strength, it is viable only when 
the quantized flux of the antisymmetric tensor field in M-theory has a mini¬ 
mal nonzero value. It is also stressed that this large compactification radius 
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allows the QCD axion in M-theory to be cosmologically viable in the presence 
of a late time entropy production. 
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I. INTRODUCTION AND SUMMARY 


It has long been known that x E'^ heterotic string theory compactihed on a large 
internal six manifold gives rise to an approximate U{1)pq symmetry which may solve the 
strong CP problem by means of the axion mechanism Compactihed string models 

always contain the model-independent axion which corresponds to the massless mode of 
the antisymmetric tensor held in hat spacetime direction. If the internal manifold admits 
harmonic two forms, which is always the case for the compactihcation preserving N = 1 
four-dimensional supersymmetry, the model contains additional model-dependent axions. 
As is well known, in order for the strong CP problem to be solved by the axion mechanism, 
one needs a global U{1)pq symmetry whose explicit breaking is almost entirely given by the 
QCD anomaly {EE)qcd Hi- The [/(l)pQ-breaking other than the QCD anomaly must be 
so tiny that its contribution to the axion potential satishes 

5Kxion ^ ~ GeV^ (1) 

Although string-theoretic axions have the desired coupling to the QCD anomaly, they 
have potentially harmful additional couplings which would make these axions useless for 
the strong CP problem. For instance, they generically couple to the hidden sector anomaly 
(FF)hid m and also have non-derivative couplings induced by string world-sheet instan- 
tons 0. As we will discuss later in detail, f/(l)pQ-breaking by the hidden sector anomaly 
generically leads to an axion potential much bigger than and then it must be 

avoided. In fact, in many compactihcation models, there exists a linear combination of 
string-theoretic axions which does not couple to the hidden sector anomaly, while keeping 
the coupling to the QCD anomaly 0. However such a combination still receives a high 
energy potential 5I4xion ~ from string world-sheet instantons (or equivalently 

membrane-instantons in M-theory) where T corresponds to the radius-squared of the com¬ 
pact six manifold in the unit of heterotic string tension [Q . 

If the compactihcation radius is large enough so that Re(T) ~ 20, world-sheet instanton 
ehects would be small enough to satisfy the bound (1). It has been known that such a large 
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radius is not likely to be allowed within a weakly coupled heterotic string theory 0, and 
thus its possibility has not been taken seriously. Recently Banks and Dine |Q argued that 
the large compactihcation radius giving Re(T) ~ 20 can be realized in strong-coupling limit 
of the Eg X Eg heterotic string theory, i.e. in M-theory limit [0, opening the possibility for 
the axion solution to the strong CP problem in the context of M-theory. However it has 
been pointed out subsequently that there is a certain limitation on the compactihcation 
radius even in M-theory, which would require a more careful analysis on this problem. 

The purpose of this paper is to carefully examine under what conditions the strong CP 
problem can be solved by string-theoretic axions in M-theory. In the next section, we set 
up the notations for later analysis by summarizing the known facts on the axions, couplings 
and scales in heterotic string and M-theories. All couplings and scales are expressed in 
terms of the dilaton and Kahler modulus superhelds, S and T, which makes it convenient 
to interpret them in the context of four-dimensional effective supergravity model. In sect. 
Ill, we discuss some model-independent features of holomorphic gauge kinetic functions in 
the effective supergravity of heterotic string and M-theories. Particular attention is paid 
for the quantized coefficients of the Kahler moduli superhelds Tj which would determine the 
phenomenological viability of the axion mechanism in M-theory. 

The non-linear U{1)pq symmetries associated with string-theoretic axions are explicitly 
broken not only by the desired QCD anomaly, but also by the potentially harmful hidden 
sector gauge anomaly and/or more microscopic stringy (M-theoretic) effects, e.g. the world- 
sheet (membrane) instantons. In sect. IV, we analyze in detail the high energy potential 
of the model-independent axion due to the hidden sector anomaly. The resulting axion 
potential does not satisfy the bound (1) unless the model is carefully tuned to forbid all 
dangerous non-renormalizable operators including not only the hidden sector helds but also 
the observable sector helds. Our study suggests that it is unlikely that the strong CP problem 
is solved by the model-independent axion alone, or at least implementing such a scenario 
appears to be much more nontrivial than what has appeared in the previous works Em¬ 
in sect. V, we consider a 17(l)pQ-symmetry associated with a linear combination of the 
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model-independent axion and the model-dependent Kahler axions, which is designed to avoid 
the hidden sector anomaly. An issue that should be taken account of when one considers 
the axion solution to the strong CP problem is the possibility of U{1)pq breaking by generic 
quantum gravity effects [|^. In this regard, it is desirable that some gauge symmetries 
protect U{l)pQ from potentially dangerous microscopic stringy (M-theoretic) effects. We 
argue that supersymmetry and the discrete gauge symmetries highly constrain the explicit 
breaking of our U{1)pq, and as a result if the compactihcation radius is large enough to 
yield Re(T) ~ 20, potentially harmful breaking of U{1)pq other than the QCD anomaly, 
whatever its microscopic origin is, can be suppressed enough for the axion mechanism to 
work. 

In sect. VI, we discuss the phenomenological viability of such a large radius. It crucially 
depends upon the quantized coefficients of the Kahler moduli superhelds Tj in gauge kinetic 
functions which can be determined either by the cohomology class of vacuum conhguration 
or by heterotic string one-loop computation |^. We note that the required large 


radius is allowed only in a rather limited class of models. For example, for supersymmetry¬ 
preserving compactihcations on a smooth Calabi-Yau manifold with a vanishing held 
strength, it is allowed only when (i) the quantized hux of the antisymmetric tensor held in 


M-theory has the minimal nonzero value, [G/27r] = 1/2 in the notation of ref. [jT^, and (ii) 
the hidden gauge group Eg is broken by Wilson lines to a subgroup with small values of the 
second Casimir C 2 = tr(Tj/jjj). 

One of the difficulties of solving the strong CP problem by string-theoretic axions would 
be a too large cosmological axion mass density associated with the axion misalignment 
6a S> 10^^ GeV in the early universe [|l5i^. Several mechanisms have been suggested to 
ameliorate this difficulty, for instance an entropy production after the QCD phase transition 
in the early universe |[T^,p!7[] or a dynamical relaxation of the axion misalignment ||T8|,p!9 


In sect. VI, we stress that the large compactihcation radius allows the QCD axion in M- 
theory to be cosmologically viable in the presence of a late time entropy production without 
assuming any signihcant suppression of the axion misalignment. More explicitly, we hnd the 
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axion decay constant v ~ 10^® GeV in realistic M-theory limit, for which the QCD axion is 
cosmologically safe if there is an entropy prodnction with the reheat temperatnre Tjnj k, 6 
MeV which satnrates the lower bonnd from the big-bang nncleosynthesis. We hnally discnss 
the cosmology of the QCD axion in M-theory in the case that there is an accidental axion- 
like field whose decay constant is mnch smaller than 10^® GeV. It is pointed ont that, dne 
to its high energy potential, snch an accidental axion is not so helpfnl for ameliorating the 
cosmological difficnlty of the original QCD axion in M-theory. 

II. AXIONS, COUPLINGS AND SCALES IN M-THEORY 

In compactihed heterotic string theory, axions appear as the massless modes of the second 
ra nk antisymmetric tensor field [^: 

B = bfj,i^dx^dx‘' + biujfjdz'^dz^ 

where x^ and z* denote the coordinates of the flat Minkowski spacetime and the internal 
six manifold respectively. Here 6^,^ is the so-called model-independent axion, while bj are 
the model-dependent axions associated with the harmonic (1,1) forms a;h (/ = l,...,hi_i) 
on the compact (complex) six manifold. Snch axions remain as massless modes even in 
strong string conpling limit, i.e. M-theory limit, whose low energy limit can be described 
by eleven-dimensional snpergravity on a manifold with bonndary |^. In this limit, axions 
appear as the massless modes of the third rank antisymmetric tensor 

C = b^ydx^^dx^dx'^ -|- bidnujqdx^^dz^dz^. 

In fonr-dimensional effective snpergravity, the model-independent axion 6^;^ can be iden- 
tihed as the psendoscalar component of the dilaton snperheld S after the dnality transfor¬ 
mation, while the model-dependent axions bj correspond to the psendoscalar components of 
the Kahler-modnli snperfields T/. To be dehnite, we normalize S and T/ so that their axion 
components are periodic fields as: 

Im(^) = Im(^) + 1, Im(Tj) = Im(T/) + 1. 
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This would allow us to define the discrete gauge Peccei-Quinn symmetries as 


Zg-. Zt-. Ti^Ti + i. 


( 2 ) 


In this normalization, the world-sheet sigma model action is given by 

Sws = ^ / dh [A7i^Tiuj^-dX^dX~^ + A-n^T^ujl-fiX^dX'^] (3) 


where the harmonic (1,1) forms ui^ span the integer (1,1) cohomology group of the target 
space, viz 



if (fz ojI- idx^dx'^ - dx^dx~^) 

Jt,j 


2a'5ij. 


Note that Sws = Sws + 27r correctly leads to the periodicity Tj = Tj + i. The Kahler form 
of the target space is given by a; = 47r^Re(T7-)a;^, leading to the internal space volume 



UJ /\UJ /\UJ ^ 


^(47^2Re(T))3(2a')^ 

0 


where the internal six manifold is assumed to be isotropic so that Re(T/) ~ Re(T). 

Using the heterotic string and M-theory relations for the ten-dimensional gauge and 
gravitational couplings 01 


g]„ = e^(2a'f = 

= je^(2ar = 02Rn, 


it is now straightforward to find 


-!-Re(S) = U- 

9gut 


= e-^^ 




( 




{2a')^ 27r(47r)^/^ \lii 

R " ^ ° ' 2 




( 4 ) 


where Qgut, and = Ifi denote the four-dimensional gauge coupling, the heterotic 
string coupling, and the eleven-dimensional gravitational coupling, respectively, Rq = 
is the radius of the internal six manifold, and finally Rn is the length of the 11-th interval. 
(Rii = Tip in Witten’s notation 
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Obvioulsy Re(T) corresponds to the compactification radius-squared in the heterotic 
string unit. As we will argue in sect. V, the strong CP problem can be solved by string- 
theoretic axions if the compactihcation radius is large enough to yield Re(T) ~ 20. For such 


a large radius, 


- £/LT[27r^Re(T)]^ ^ 3 x 10^ 
Rn/Re ~ 6-i/='(27r)-'/2^GC/rRe(T) ^ 3, 


(5) 


and thus heterotic strings are so strongly coupled that the size of the 11-th dimension is 
even bigger than that of the other six dimensions. 


Using the M-theory expression of the four-dimensional Planck scale |21 


Mj, ^ 2RnV6//?i ~ (2.4 x 10^^ GeV)^ 


the mass scales in compactihed M-theory are estimated in terms of Qgut and Re(T) as: 

1/2 

V 0.7 J l^Re(T); 


1 

hi 

2ti 

Re 

27r 


8 X 10^® GeV, 


Rii 
a/6 


/ 20 


2 

8 X 10^® 


GeV. 


( 6 ) 


VRe(T) J 

Note that for Rg = Vg"'"” and the length Rn of the 11-th interval, the characteristic Kaluza- 
Klein masses are given in the unit of 27r/Rg and 27r/Rii. It was pointed out in refs. pl|,|8[| 
that there is a severe limitation on the large radius compactihcation even in M-theory limit. 


In ref. pT[], it appeared as a lower limit on the Newton’s constant for a hxed value of 
the Kaluza-KIein scale Mkk ~ 27r/Rg, while in ref. [§] it appeared as a lower limit on Mkk 
for a hxed value of the Planck scale Mp = y/87iGpf. As we will discuss in sect. VI, in 
our notation this can be translated into a statement that Re(T) can not be signihcantly 
bigger than 20 in order for the four-dimensional gauge coupling constant Qgut to have a 
realistic value. Thus roughly speaking, what we need for the axion mechanism in M-theory 
is Re(T) 20. Note that for this value of Re(T), all typical mass scales in M-theory are 




















much higher than the dynamical scale of four-dimensional supersymmetry breaking which is 
for instance given by Asb ~ ~ 10^^ GeV in non-renormalizable hidden sector 

models with the weak scale gravitino mass m 3/2 ~ 10^ ~ 10^ GeV. 


III. GAUGE KINETIC FUNCTIONS IN COMPACTIFIED M-THEORY 

In this section, we discuss some model-independent features of holomorphic gauge kinetic 
functions in the effective four-dimensional supergravity models which correspond to the low 
energy limit of compactihed M-theory. The discrete gauge symmetries Zs^t of Eq. (2) imply 
that in the limit of Re(S') 3> 1 and Re(T/) S> 1, gauge kinetic functions can be written as 


4:71 fa = KS + ]^klTl + Aa, 


(7) 


where ka and lai are quantized real coefficients, and denote the piece of order unity (or 
less) which is independent of S and T/ or the piece which is suppressed by or 

Here gauge kinetic functions are normalized as Re(/a) = l/gl and Im(/a) = 6a/9>77‘^ where 
Qa and 6a denote the four-dimensional gauge couplings and the Yang-Mills vacuum angles, 
respectively. 

The quantized coefficients ka and lai are unchanged when one moves from the M-theory 
domain to the domain of weakly coupled heterotic string in the moduli space of the theory, 
and thus they can be determined within the weakly coupled heterotic string theory. Note 
that in the region of Re(S') S> 1 and Re(T 7 ) S> 1 where the expression (7) is valid, the 
heterotic string can be weakly coupled, ~ 327r^Re(T)^/Re(S') -C 1, in the domain where 
the four-dimensional gauge couplings are small enough, gQjjrp ~ 47r/Re(S') -C l/(27r^Re(T))^. 
(Of course, 3> 1 in the domain giving a realistic value of gcuT ~ t) ^^e weak string 
coupling limit where heterotic string perturbation theory is a good approximation, ka can 
be identihed (for non-Abelian gauge groups) as the level of the Kac-Moody algebra whose 
zero modes generate the a-th gauge boson, and thus are positive integers. 

If the compactihcation is simple enough, e.g. orbifolds, one may determine lai by com¬ 


puting the string one-loop threshold correction to gauge kinetic functions [13|. In fact, one 
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can extract some model-independent information on lai withont resorting to any string loop 
calcnlation. Under the discrete gange transformation Zt : T/ —> T/ -|- i, the Yang-Mills 
vacnnm angles transform as 

and thns 9a and 9a + Trial are reqnired to be physically eqnivalent. Applying to the nsnal 
27r periodicity relation 9a = 9a + 27r, this may be considered to imply that lai/‘^ are inte¬ 
gers, however this is not necessarily the case in string theory. Dne to the existence of the 
model-independent axion, in string theory the vacnnm angles enjoy an additional eqnivalence 
relation: 


9a = 9a + 2TTka'-f, 


( 8 ) 


where 7 is an arbitrary real constant. We are then led to 


and as a conseqnence 


1 , 

-lai - Kl = integer, 


(9) 


■ihlai - kahi) = integer. 


( 10 ) 


The eqnivalence relation ( 8 ) can be most easily nnderstood by treating the model- 
independent axion as an antisymmetric tensor held b = bfj,ydx^ A dx'^ whose gange invariant 
held strength is given by if = db — J2a ka^vM'^'^L where oOym ujl denote the Yang-Mills 
and Lorentz Chern-Simon three forms, respectively [^]. For the gange invariance of H, only 
the large gange transformations nnder which Y,a ka^YM = Sa IS invariant are al¬ 
lowed in the theory. For snch large gange transformation U, we have J2aka{TTa — ri'a) = 0 
where \n'^) = U\na). Then for the i'-vacnnm state dehned as \9a) = Sna 
we have the eqnivalence relation 


U\9a) = U\9a + kaj), 


and thns the eqnivalence relation ( 8 ) also. In the dnal psendo-scalar description of the 
model-independent axion which we are nsing here, the eqnivalence relation ( 8 ) is nothing 
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but to make one combination of the vacuum angles to be gauged away by the shift of 
the model-independent axion Im(S'). A property which distinguishes Im(S') from other 
axion-like helds is that its non-derivative couplings appear always through the combination 
Im(/a) oc fcalm(S') -|- ^lailioa(Ti) whose vacuum value corresponds to the vacuum angle 9a. 
(This amounts to the dual property of the gauge-invariance of H = db + ujl — J2a 
in the antisymmetric tensor formulation.) Due to this special property of Im(S'), vacuum 
angles related by a shift of Im(S') are physically equivalent to each other. Model-dependent 
axions Im(T 7 ) have other type of nonderivative couplings in addition to the couplings through 
Im(/a), e.g. those induced by world-sheet instantons and possibly others, and thus do not 
provide additional equivalence relation for the vacuum angles. However they can still be 
useful for the strong CP problem if their non-derivative couplings other than the QCD 
anomaly are suppressed enough. 

Let us now focus on the Eg x Eg theory compactihed on a large smooth Calabi-Yau 
manifold and let /es and /t;/ denote the visible (c E^) and hidden (c Eg) sector gauge 
kinetic functions, respectively. In this case, ka = 1 and thus 

47r/E8 = S + ^T/ Aes, 

4nfE'^ = S+^jTj + AE'^. ( 11 ) 

The coefficients Ij and I'j can be determined in the limit of Re (S') S> 1 and Re(T) S> 1 while 
g 2 (/i in which ten-dimensional effective held theory provides a good approximation. In 
this limit, the anomaly cancellation mechanism implies that the axion couplings of Im(T 7 ) 
are entirely due to the Green-Schwarz term in ten-dimensional held theory [p^ , ^ ,| 6 |: 

= 288(W / + -I- 

For the compactihcation on M 4 x Mg, the above Green-Schwarz term leads to the following 
axion couplings in the four-dimensional ehective theory: 

Yf ^'A/ 4 / (12) 

oZtt j Mq JM4 
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where and denote the Eg and E'^ held strengths on M 4 , F^^, and are their dnals, 
and the fonr-form I 4 is dehned as 

87 r ^/4 = tr(F A F) — ^ 

with F = \FABdy^ A dy^ and R = ^RAndy^ A dy^, where y^ correspond to the real 
coordinates of Mq. Here we set 2a' = 1, trF^ is 1/30 of the trace over the Eg adjoint 
representation, and B = Ini(a;) = 47 r^Ini(T/)ci;^ where a) denotes the complexihed Kahler 
form. To arrive at the above resnlt, we have nsed the model-independent constraint 

[ cu^ A {h + ^1) = A / uj^ A dH = 0, 

JMq Stt^ JMe 

where Svr^J^ = [tr(F' A F') — |tr(i? A i?)]. Matching the axion conpling (12) to the gange 
kinetic fnnctions in ( 11 ), we hnally obtain 


I'j — —Ij — f A I4 

JMe 


(13) 


Note that uj^ are normalized as ojj = du (in the nnit of 2a' = 1), and then |(// — //) = Ij 
are integral as reqnired by (10). The relation Ij = —I'j was noted before by several anthors 
for the case of (2,2) Calabi-Yan compactihcations. Here we stress that it is valid 
for generic smooth compactihcations and thns is a rather model-independent prediction of 
string theory. (It has been noted recently that Ij = —I'j also in some orbifold models f^ .) 

As was noted by Banks and Dine 0, the weak-conpling resnlt (13) can be conhrmed by 
the Witten’s strong-conpling expansion in M-theory |^, which leads to 


VeiE',) - Ve{Eg) = 27r(47r)-2/3Fn/?i [ a; A J 4 , 

Jmq 

where Vg^Eg) and denote the Calabi-Yan volnme on the Fg-bonndary and the Fg- 

bonndary, respectively, and uj = 47 r^Re(T/)a;^ is the Kahler form. With the relation (4), this 
amonnts to 


4vrRe(/),J - 47 rRe(/£; 3 ) = Re(T,) [ A h, (14) 

J Mq 
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which gives — //) = AI 4 . The above result indicates also that in the gauge ki¬ 


netic function corresponds to higher order correction in the strong coupling expansion. Note 
that, in the M-theory limit under consideration, Re(T/) 3> 1, while Re(Aa) are essentially 
of order unity or less. Also in M-theory, A and can be identihed as the boundary values of 
the held strength G = dC + ... of the three form held C in eleven-dimensional supergravity: 
;^[G]e8 = h and \[G]e'^ = -^4 0) and then the Bianchi identity ^ / dG = A -|- A = 0 
implies Ij = —I'j. We then recover the weak-coupling result (13) through the strong coupling 
calculation. 

For supersymmetry-preserving compactihcations on a smooth Calabi-Yau manifold, Eq. 
(14) has an alternative expression. In both the weakly coupled heterotic string theory and 
the M-theory limits, the starting point of such compactihcations is a manifold of SU{3) 
holonomy, and a holomorphic Yang-Mills connection satisfying the Kahler-Yang-Mills equa¬ 
tions: Fij = = 0. We then have / a; A tr(R A R) = —| / ii{RABR^^) and similarly 

/ 00Ati{FAF) = — I / ii{FABF^^). Also the string theory Bianchi identity dH = Sn^^R+F^) 
(or the dilaton equation of motion) or its M-theory counterpart leads to the condition 
/ tr(A 4 B-F^'® -I- F'y^^F'^^ — RabR^^) = 0 [^. Putting these together, we hnd 

1 


47rRe(/£;3) -47rRe(/E') = Y.hRe{TR = 


FabF^^ 


F'abF'^^] 


(15) 


1287r^VM6 Jm'^ 

With this expression, it is easy to realize that if the E'^ held strength does vanish, i.e. 
F'ab — 0 ) then X]^rRe(T/) > 0 independently of the relative ratios Re(T/)/Re(Tj), and thus 
at least one of //’s is a positive integer, while other Z/’s are still non-negative integers. 


IV. HIGH ENERGY POTENTIAL OF THE MODEL-INDEPENDENT AXION 

In this and the next sections, we analyze in detail the axion potential due to the explicit 
breakings other than the QCD anomaly of the non-linear U{1)pq symmetries of string- 
theoretic axions. As is well known, in order for the strong CP problem to be solved by the 
axion mechanism, one needs an anomalous global U{1)pq symmetry whose breaking other 
than the QCD anomaly is so tiny that its contribution to the axion potential satishes 
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5Kxion ^ 10 -V>' ^ 10 -'^ GeV^ (16) 

To examine the possibility of such a U{1)pq symmetry, we start from the non-linear ^( 1)5 
symmetry associated with the model-independent axion Im(5'), 

U{l)s-. S^S + ia, 

where a is a continuous real parameter. Since 7 ^ 0 in both the observable sector and the 
hidden sector gauge kinetic functions written as (7), U{l)s is broken not only by the QCD 
anomaly, but also by the hidden sector gauge anomaly. Our primary concern in this section 
is to examine the possibility that the high energy potential (5Vim(S) of the model-independent 
axion due to the hidden sector anomaly is suppressed enough to satisfy the bound (16). 

The axion potential 5 Vim( 5 ) is somewhat sensitive to how four-dimensional supersymme¬ 
try is spontaneously broken. As we will see in sect. VI, Re(T) can not he signihcantly bigger 
than 20 , and then the typical mass scales in M-theory estimated in ( 6 ) are too large to be 
identihed as the dynamical scale of four-dimensional supersymmetry breaking. It is then the 
most attractive possibility that the supersymmetry breaking scale is small compared to the 
typical M-theory scale, say 27ri?g ^ or 27iRhi which is about 10^^ GeV, since it is induced 
by nonperturbative effects like the hidden sector gaugino (matter) condensations (or some 
M-theoretical nonperturbative effects). In this scheme, after integrating out the hidden 
sector gauge and matter multiplets, the resulting effective superpotential can be written as 

IVeff = IVi + IV 2 + fVobs = + IVobs, (17) 

where hli and 112 depend upon neither S nor the observable sector helds (but generically 
they depend upon the other moduli), and 71 and 72 are dijfevent rational coefficients. Here 
Wi = ~ m^/ 2 Mp is the leading term in hhefr, while W 2 = 1126 “^’^'’'^'^ is the next- 

to-leading term when the observable sector helds are set to zero, and hnally hhobs includes 
the terms depending upon the observable sector helds. 

Let us hrst consider the hidden sector contribution to (5Vim(s')- From the supergravity 
potential 
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l^G = - 3|H';„|VAf|| + (D terms), 


(18) 


it is easy to find 


i5Vi„(s| « W,W^/Ml « 


(19) 


where is the effective Kahler potential after integrating ont the hidden sector gange and 
matter mnltiplets. Obvionsly, in order for this axion potential to satisfy the bonnd (16), one 


needs a hnge hierarchy between the leading term Wi and the next-to-leading term W 2 : 



If there are more than one non-Abelian hidden sector gauge groups which would yield 


multi-gaugino (matter) condensations, W 2 receives a contribution from the second largest 
condensate. This contribution is typically much bigger than In particular, if the dila- 

ton is stabilized by the racetrack mechanism [^, IV 2 and Wi are comparable to each other. 


yielding 5Vim(5) ~ '^l/ 2 ^p- ^^us conclude that in models with multi-gaugino (matter) 


condensations, the model-independent axion receives a harmful high energy potential much 
bigger than 

If there is only a single non-Abelian hidden sector gauge group, higher dimensional 
operators would be responsible for the next-to-leading term IT 2 in the effective superpotential 
(17). (One may suffer from the dilaton runaway in this case. Here we assume as in ref. 0 
that the dilaton is stabilized by a large f/(l) 5 -preserving nonperturbative correction to the 
Kahler potential.) As an example, let us consider a typical hidden sector with SU{Nc) gauge 
group, Nf quark flavors {Q -|- Q^) and Ng singlets A, and the tree level superpotential 


-|- AQQ'^ -l-..., 


where the Yukawa couplings of order unity are omitted and the ellipsis denotes higher 
dimensional operators. We also assume ka = 1 for the hidden sector gauge kinetic function 
written as (7). We then have 
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where is the chiral superheld whose lowest component corresponds to the hidden sec¬ 
tor gaugino, and Ahid oc Q-‘^'^s/i3Nc-Nf) jg dynamical scale of the hidden sector gauge 
interaction. In this case, the next-to-leading term W 2 can be induced by gauge-invariant 
non-renormalizable operators of the form 


Ml, 


/ 


d^9 



( 20 ) 


where <h/ denote the hidden matter superhelds: = {A,Q,Q^). Obviously the above 


operator gives rise to 


Wo 


jy3n+m 

M3n+m-3 


Ml, 



(3n+m)/3 


and thus 




Mj, 


( 21 ) 


( 22 ) 


^hlm(S) 

In order for this axion potential to satisfy the bound (16), we need 

> 380 + 6 ln(m 3 / 2 /TeV) 

^{n-D+ru. 35-ln(,n3,,/TeV) ' 

i.e. all non-renormalizable operators whose mass dimension (i = 3n + m + l~14 have to be 
forbidden. 

It has been pointed out in that, if there is no hidden matter, a simple discrete 
gauge symmetry can eliminate all dangerous non-renormalizable operators. The example 
considered in P] is a discrete gauge R symmetry Z 5 under which cPO —>■ The 

model-independent axion is transformed also as S' —>■ S' + iiVc/5 to cancel the x SU{N^ x 
SU{Nc) anomaly. In the absence of any hidden matter multiplet, this Z 5 allows only the 
operators with n > 6 in (20), thereby satisfying the condition (22). However, if the hidden 
sector contains matter multiplets, it becomes much more nontrivial to fulhll the condition 
(22). The Zs-charges of the matter multiplets have to be judiciously chosen in order to 
forbid all dangerous non-renormalizable operators with the mass dimension d S 14. 

Even when the hidden sector is adjusted to make its contribution to 51dm(s) satisfy the 
bound (16), one still has to carefully tune the observable sector to avoid a harmful axion 
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potential from the observable sector dynamics. Let us suppose that the hidden sector is 
tuned to have W 2 /W 1 ~ 10“^® by means of a discrete gauge symmetry, e.g. Z 5 of ref. 0. To 
see how a sizable 5V[m(s) can still be induced, let us consider a model whose observable sector 
contains a matter multiplet (j) which is neutral under unbroken continuous gauge symmetries, 
but carries a nonzero Zs-charge qf 

Z5 : dPe 0 ^ 


Note that such a matter multiplet appears quite often in compactihed string models. Al¬ 
though (j) does not have any renormalizable coupling with the hidden sector helds, it can 
still couple to the hidden sector via non-renormalizable operators. For instance, gauge sym¬ 
metries including allow the couplings of the form 

N / , \ M / , \ Li 


Mi / d^9 


. Mi . 


Mp 


+ 


Mp 


(23) 


and thus the folllowing effective superpotential 


for appropriate values of the positive integers N, M, and L. To be more specific, let us 
consider the case (I) with = —1 for which A^ = 1,M = 5,L = 4, and also the case (II) 
with q^ = 2 for which N = 2, M = 2, L = 3. Then the supergravity potential (18) contains 


5V, 


SG 


(m 3 / 20 ^/Mp)(|m 3 / 2 p 0 ®/M|,) : Case (I) 

2 , 


) + (I"^ 3 / 2 | m3/207Mp) : Case (II) 


where the model-independent axion Im(S') appears through the complex gravitino mass 
dehned as 727 . 3/2 ~ Wi/Mp = /Mp. Although it appears to depend upon Im(S'), 

the hrst term of the above supergravity potential in each case does not contribute to the true 
axion potential since their Im(S')-dependence can be eliminated by the held redehnitions: 
0 —>• for the case (I) and 0 —> e-* 27 r 7 iim(S )/30 f^j, result, the 

high energy potential of the model-independent axion in each case is estimated to be 
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Case (I): (5Cim(5) ~ |"^3/2r(0)V^I-; 

Case (II): 5Vi^(s) - \m 2 ,/ 2 ?'rn^/ 2 {(t)f /Mp. (24) 


Of course it crucially depends upon the size of (0) whether the above axion potential 
satishes the bound (16). In fact, a nonzero (0) can lead to interesting phenomenological 
consequences. For instance, it may generate the /r-term of the Higgs doublets Hu and 
through the coupling / cP 6(pHuHd with the weak scale vacuum value ( 0 ) ~ 'rn^/ 2 -i or through 
the coupling f d?9 (jPHuHd with the intermediate scale vacuum value (0) = ^ 777 , 3 / 2 Mp. 
It may also generate an intermediate scale mass of the right-handed neutrino N through 
the coupling / (POcjyNN, leading to the small neutrino mass m,y ~ ^ 3 / 2 /via 
the seesaw mechanism. In case (I), 0 has a flat potential in the limit of m ^/2 —>■ 0 and 
Mp —>■ cxo. Including the non-renormalizable but supersymmetric potential term \(j)f/Mp 
together with the soft mass term 7773 ^ 2 which receives a negative radiative correction 
due to the Yukawa coupling / d‘^9 cpNN, one easily hnds (0) ~ for the case (I) 

H- Also for the case (II) with the Yukawa coupling / (P‘9 (pHuH^, a similar analysis yields 
(0) 7773 / 2 . Then in both cases (I) and (II), the high energy potential of the model- 

independent axion (51dm(5) ^ 10“®/^7?7^ for the weak scale gravitino mass 7773/2 ~ 10^ ~ 10^ 
GeV. 

In fact, 5Vim(s) is naively expected to be of order ml^ 2 ^p since it is essentially due 
to hidden sector dynamics triggering supersymmetry breaking. As we have noted, it is 
really of order ml^ 2 ^p i’^ generic cases with multi-gaugino (matter) condensations whose 
sizes are comparable to each other. In the cases that 5V[m(s) ’^ 3 / 2 ^P) there is a simple 

explanation for a small ^Vim(s)- In such cases, we always have an approximate accidental 
global U{l)x symmetry whose current divergence is given by d^Jx = (T’F’)i + Fx where 
{FF)i corresponds to the U{l)x x Gi x Gi anomaly for the non-Abelian gauge group Gi 
which is responsible for the leading term Wi in the effective superpotential (17), and Fx 
stands for the other symmetry breaking terms which are presumed to be weaker than the 
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strongest anomaly {FF)i. For the models that we have discussed above, we have 

U{l)x : $ ^ 

where the U{l)x charges are given by X{(P9) = —1, X{A) = 1/3, X(QQ‘^) = 2/3, and 
X((/)) = 1/4 (1/3) for the case (I) (the case (II)), and then Fx includes the f/(l)x-breakings 
by the non-renormalizable operators in (20) and (23). For ka = 1, the model-independent 
axion has a universal coupling to the gauge anomalies and then the ^/(l)^ current Jg oc 
(9^Im(5') obeys = I]a(F’F)a + {RR) where {RR) denotes the irrelevant gravitational 
chiral anomaly. In the presence of U{l)x, the model-independent axion can be identihed as 
the pseudo-Goldstone boson of 

U{l)s-x-. S^S + ikp, $ ^ (25) 

where the coefficient k is chosen to make U (l) 5 _x to be free from the strongest hidden sector 
anomaly {FF)i. If the hidden sector gauge group is semisimple, U{l)s-x is still broken by 
the second strongest hidden sector anomaly, leading to 5Idm(5) ~ WiW^/Mp ^ 10“®/^m^ 
where IF 2 is induced by the second strongest hidden sector gauge interaction. In the case that 
Gi is the only non-Abelian hidden sector gauge group, major explicit breaking of U{l)s-x 
is due to the non-renormalizable operators (20) and (23). The axion potential (5Vim(5) is 
then suppressed by an insertion of these small 17(l)s'_x-breaking operators as can be seen 
in (21) and (24). Although the suppression was not enough so that 5Vjm(5) ^ in 

our examples, there may exist a compactified string model with an accidental U{l)x which 
is good enough to yield 5Idm(5) ~ However this possibility is too much model- 

dependent and implementing this scenario in the context of string/M-theory appears to be 
quite nontrivial. 

In summary, in this section we have examined the possibility that the high energy poten¬ 
tial (5Vim(s) of the model-independent axion due to the hidden sector anomaly is suppressed 
enough to be smaller than 10“®/^m^, thereby solving the strong CP problem by the model- 
independent axion alone. First of all, this appears to be not possible if the hidden sector 
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dynamics yields multi-gaugino (matter) condensates. Even in the case that there is only 
one non-Abelian hidden sector gange gronp, it reqnires a carefnl tnning of both the hidden 
sector and the observable sector to forbid all dangerons higher dimensional operators. This 
is eqnivalent to having an accidental global U{l)x for which the combination U{l)s-x of 
Eq. (25) which is designed to be free from the hidden sector anomaly is so good a symmetry 
that the corresponding high energy axion potential is smaller than Arranging 

the observable sector to have snch U{l)x appears to be highly nontrivial. At any rate, onr 
stndy in this section shows that it is mnch more nontrivial than what has been snggested in 
the previons works to solve the strong CP problem by the mo del-independent axion 

alone. 


V. PECCEI-QUINN SYMMETRY IN THE LARGE RADIUS LIMIT 

In M-theory limit where the world-sheet (membrane) instanton effects are highly snp- 
pressed, the desired U{1)pq symmetry satisfying the bonnd (1) may appear as a linear 
combination of the nonlinear U{1) symmetries of the model-independent axion and the 
model-dependent Kahler axions p. To examine this possibility, let us consider a model 
compactihed on a smooth Calabi-Yau manifold with hi^i = 1, and also assume that there 
is only one non-Abelian hidden sector gauge group from Eg. It is rather straightforward 
to generalize our discussion to more general cases that hi i > 1 and/or the hidden sector 
gauge group is semi-simple. Our starting point is the visible and hidden sector gauge kinetic 
functions and in the limit of Re(S') S> 1 and Re(T) 3> 1: 

47r/£;g = S + -T + A^g, 

^nfE'^ = S-^-T + AE,, (26) 

where I is integral, and again corresponds to the piece of order one which is independent 
of S and T or the piece which is suppressed by or . The above form of gauge 

kinetic functions naturally leads to the following U{1)pq symmetry 
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U{l)pQ\ S'— i> S'+ ia, T — i> T + 2ia//,, 


(27) 


which is free from the hidden sector anomaly. This U{1)pq would solve the strong CP 
problem if its explicit breaking other than the QCD anomaly is so tiny that the associated 
axion potential satisfies the bound (1). Note that I is required to be nonzero in order to 
avoid the hidden sector anomaly, while keeping the breaking by the QCD anomaly. 

It has been argued that generic quantum gravity effects may break U{1)pq explicitly . 
Although it is somewhat clear that world-sheet (membrane) instanton effects are suppressed 
by in the large radius limit, in the absence of the full understanding of the M-theory 

dynamics, one may still wonder that some unknown M-theoretical effects other than world- 
sheet (membrane) instantons breaks U{1)pq significantly even in the large radius limit. 
In this regard, it would be desirable if U{1)pq in the large radius limit can be protected 
by some gauge symmetries at the compactification scale. In the following, we argue that 
supersymmetry and the discrete gauge symmetries highly constrain the possible explicit 
breaking of U{1)pq, and as a result the potentially harmful breaking of U{1)pq, whatever 
its microscopic origin is, is suppressed enough if the compactification radius is large enough. 

To proceed, let us assume that the discrete gauge symmetries Zs,t of Eq. (2) are not 
spontaneously broken by the M-theory dynamics at scales above the compactification scale, 
and consider the limit 

Re(T) > 1, Re{S) - ^Re(T) > 1, 

in which the four-dimensional gauge couplings = Re(/a)“^ at the compactification scale 
are small enough. In this limit, 17(l)pQ-breaking in a holomorphic operator F which is 
generated by the Zs^p-preserving M-theory dynamics is estimated as: 


SpqF m Af^exp|-27r{pr + q(S - ir/2)}|, 


(28) 


where p is a positive integer, while g is a non-negative integer. Here d denotes the mass 
dimension of F and we have used the fact that all non-derivative couplings of Im(S') are 
required to appear through the combinations Im(/a) cx Im(S') ± |ZIm(T). Note that in order 
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to be a t/(l)pQ-breaking piece, p is required to be non-zero, while the coefficient q of the 
invariant combination (S' — \IT) can be zero. 

Again the integers p and q in (28) are unchanged when one moves from the M-theory 
domain to the domain of weakly coupled heterotic string, and thus they can be determined 
within the weakly coupled heterotic string theory. For holomorphic gauge kinetic functions, 
U{l)pQ is generically broken by world-sheet instanton effects without any suppression by 


,-2-itS 


at string one-loop order [|T^, and thus 


SpQfEs ~ ^pgfE'g^ ~ e (29) 

where 5pq means f/(l)pQ-breaking other than the QCD anomaly. Let 

IV = Wm(s, t) + y J^K(S, 

denote the superpotential at the compactihcation scale where <F represents generic chiral 
matter multiplets (including those in the hidden sector) with the Yukawa-type couplings 
Xn{S,T). If Wm = 0 at string tree level, which is the case in many interesting models 
including (2, 2) Calabi-Yau and orbifold compactihcations, it remains to be zero at any hnite 
order in string perturbation theory. (For (2, 0) Calabi-Yau compactihcations, a nonzero 
Wm may be induced by world-sheet instantons even at string tree level [Q.) However 
non-perturbative stringy effects may generate a nonzero Wm ~ and then 

SpqWm ~ It is known that world-sheet instantons can induce U{1)pq- 

breaking Yukawa-type couplings at string tree level without any suppression by [0. 

Summarizing these, if IF^m = 0 at string tree level in the weak coupling limit, which is the 
case that we focus on here, the following order of magnitude estimate applies for U{1)pq- 
breaking in the superpotential: 


5pQXn ~ (30) 


The discussion of t/(l)pQ-breaking in the Kahler potential is more subtle because of the 
absence of holomorphy. Again together with the property that nonderivative couplings of 
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Im(S') appear always through the combinations Im(/a) oc Im(S' ± \IT), the discrete symme¬ 
tries Zs,T imply that generic Kahler potential can be written as K = J2n exp[i27r?7,Im(T)] 
where Kn is a function of Re(S'), Re(T), Im(S'—^ZT), and also of other f/(l)p( 3 -invariant held 
variables. Obviously U{1)pq is broken only by Kn with n ^ 0. To estimate its size, one may 
consider the limit of weakly coupled heterotic string which preserves four-dimensional N = 2 
supersymmetry or the M-theory limit in which the eleventh radius Ru S> Rq so that physics 
below the energy scale E ~ R^^ can be described by a hve-dimensional supergravity. In these 
limits, T corresponds to the coordinate of a special Kahler manifold whose Kahler potential 
is determined by a holomorphic prepotential E as K = — hi[2{E+E*) — {(f)i-\-(f)*){diE+diE*)] 
H, and as a result Kn oc e as in the case of the holomorphic gauge kinetic functions 


and superpotential. As long as are not spontaneously broken, turning on the spon¬ 
taneous breaking of four-dimensional N = 2 supersymmetry or of hve-dimensional super- 
symmetry down to four-dimensional = 1 supersymmetry does not ahect this behavior of 
17(l)pQ-breaking in the large radius limit, and thus 


6pqK ^ 


(31) 


in generic large radius compactihcations preserving four-dimensional = 1 supersymmetry. 

In the above, we have noted that supersymmetry and the discrete gauge symmetries 
Zs^T associated with the periodicity of the axion-like helds Im(S') and Im(T) imply that 
f/(l)pQ-breaking terms (other than the QCD anomaly) are suppressed by in the large 

radius limit. Although it is quite reasonable to assume that the discrete symmetries Zs,t 
are not spontaneously broken by the M-theory dynamics above the compactihcation scale, 
they may be broken by infrared dynamics at scales below the compactihcation scale. This 
does indeed occur if non-perturbative hidden sector dynamics leads to the formation of the 
gaugino and/or matter condensations. 

Integrating out the hidden sector gauge and matter multiplets leads to an ehective su¬ 
pergravity model of the visible sector helds and also generic moduli including S and T. This 
ehective supergravity will be described by the ehective Kahler potential Kes, the ehective 
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visible sector gauge kinetic function fes, and finally the effective superpotential Wes which 
can be written as 


= Wo{S, T) + fi{S, T)$2 + ^ -^hn{S, T)<h"+3, (32) 

where now $ stands for the visible sector matter multiplets. Even for Kes, /efr, and lEefr 
including nonperturbative corrections due to the held-theoretic hidden sector dynamics, it 
is rather obvious that 

6 Kef[ ^ SpqfeS ~ , Spqhn ~ . (33) 

However one needs a further discussion to estimate SpqWo and Spqjj,. To proceed, let us 
split ITo into the two pieces as 

Wo = Wm + Wf, (34) 

where ITm is the piece generated by Z^^r-preserving M-theory dynamics at scales above the 
compactihcation scale, while Wp (and also fi in (32)) is the piece from field-theoretic infrared 
effects, i.e. the gaugino and/or matter condensations, which break Zs^t spontaneously. 
Generically Wp and ^ are holomorphic functions of the hidden sector Yukawa couplings 
and the dynamical scale A^;/ = Mgut exp /£;'/&] of the hidden sector gauge interaction. 
(Here b is the coefficient of the one-loop beta function and Mgut can be identihed as 2'kRo^ 
in (6).) More explicitly, 

Wp ^ ~ M^^7,exp[-87r^ni/£;//n26], 

fi ^ K 2 Mgut{ReJ ~ ATgut exp[—87r^n3/£;'/n46], (35) 

where Ki and K 2 are dimensionless functions of A„, and n/s are model-dependent positive 
integers. If there is no hidden matter or if the hidden matter multiplets have renormalizable 
Yukawa couplings, Wp ~ and thus n\/n 2 = 3. However if the hidden matters have only 
non-renormalizable Yukawa-type couplings, ni/n 2 can take a different value. Note that if 
ni/n 2 h or rio/nji is not integral, which is usually the case, Zs '■ S ^ S + i is spontaneously 
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broken with the multi-valued superpotential: Wp oc e 27mi5/n2fe p oc e 27m3S/n4fe_ g^y 
rate, (29) and (30) now imply 


dWp dWp 

SpqWp = -Qj—^SpQfpi^ + gy SpqXn ~ Wpe 


-2-kT 


dfi 

dfp' 


SpQl^ — -w^^pqJe' + wf-<^PQ-^n ~ p-e 


(9p 

<9An 


(36) 


The axion potential due to 17(l)pQ-breaking other than the QCD anomaly can be 
schematically written as 

5Kxion. ^ ,,, , ^Kxion . „ 

Oraxion — -^77 -OPQ-ftefT H- 7777 -Opol^eff H-77- OpQjeS- 

oKeS oWeff OJeS 

Carefully inspecting the supergravity potential (18) and also all possible quantum corrections 
including the quadratically divergent one-loop potential Idoop = i^Str(M^)A^ with the 
cutoff A Mgut or Mp, it is not difficult to see that 

<^h(ixion 2 <^h(ixion ^^a.x\on 1 2 a 2 

- ^ ™ A 


(5K 


eff 


V ' axiuii ' axiuii z k Z 


where the main contributions to 5Kxion/<^-^efr and (5f4xion/<^hhefr are from the tree level super¬ 
gravity potential (18) with the relation hhefr ~ hho ~ while 514xion/(5/eff is mainly 

from Idoop through the gaugino masses which depends upon the gauge coupling, i.e. upon 
Re(/efr). (Here we assume that supersymmetry breaking is mainly due to the F-terms, not by 
the F-terms.) Note that 17(l)pQ-breaking in HAff is dominated by SpqWo — Spq(Wm + Wf) 
which is of order e“^’^^lTo ~ e~‘^'^^m 3 / 2 Mp for SpqWm and SpqWp estimated in (30) and 
(36), respectively. Putting these together with the previously made estimates of 17(1)pq- 
breaking, what we hnd is a rather simple result: 


axion ~ ''i3/2-‘^-'pe 


With this, we conclude that if the compactihcation radius is large enough to yield 

Re(T) ~ 20 -h - ln(m 3 / 2 /TeV), 

TT 


(37) 


(38) 
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U{l)pQ breaking other than the QCD anomaly, whatever its microscopic origin is, is sup¬ 
pressed enough to satisfy the condition ( 1 ) for the strong CP problem to be solved by the 
axion mechanism. 


As we have noted, it is more precise to interprete our estimates of 17(l)p(3-breakings as an 
approximate upper limit. One might then interprete the estimate of the high energy axion 
potential in (37) also as an upper limit. However as long as anyone of SpqK, Spgfp'^, and 
hpgX saturates their estimated upper limits, which is true for the most of known compactihed 
string models, (37) corresponds to a correct order of magnitude estimate, not merely an 
upper limit. (Here A corresponds to the lowest dimensional non-vanishing Yukawa coupling 
of hidden matter.) If only hpqfps or SpqhQ saturates the bound, the resulting high energy 
axion potential would be of order of m 3 / 2 ^^/( 16 vr^)^ where k = 1 for fp^ and k = 2 for the 
visible matter Yukawa coupling h^. 

Our argument in this section can be easily generalized to the cases with a semisimple 
hidden sector gauge group and/or the number of the model-dependent Kahler axions hi i > 
1. Note that one may need a semisimple hidden sector gauge group with nontrivial matter 
contents in order to stabilize the dilaton and moduli vacuum expectation values through the 
racetrack mechanism [^|. For the gauge kinetic functions written as (7), one can dehne a 
17(l)pQ-symmetry similarly as (17), e.g. 


U{l)pq\ S^S + ia, Tj ^ Tj + ikja, 

where the real coefficients kj are chosen to make this U{l)pq to be free from any of the 
hidden sector anomalies, while be broken by the QCD anomaly. Such a U{l)pq exists 
always if > Np where Np denotes the number of simple gauge groups in hidden sector. 
It would exist even when hi i < Np if some of the hidden sector gauge kinetic functions 
are not linearly-independent from each other. Then 17(l)p(3-breaking other than the QCD 
anomaly will be suppressed enough if the compactihcation radius is large enough so that all 
Tj with 5pqTj 7 ^ 0 satisfy the condition (38). 
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VI. PHENOMENOLOGICAL CONSTRAINTS AND AXION COSMOLOGY 


In the previous section, we have argued that if the compactification radius is large enough 
so that 


Re(T/) ^ 20 + -ln(m 3 / 2 /TeV) 

71 


(39) 


for all T/ with 6pqTj ^ 0, the strong CP problem can be solved by string-theoretic ax- 
ions. Perhaps the most serious difficulty with this large radius compactihcation would be 
to stabilize the dilaton and moduli at the desired vacuum values. Here we simply assume 
that the dilaton and moduli can be stabilized at a point satisfying (39), and just look at its 
phenomenological viability. 

For the gauge kinetic functions written as (7), most of the known heterotic string models 


(and thus their M-theory limits also) give ka = 1 0|. Let of Eq. (11) denote the 
QCD gauge kinetic function and /g' denote the gauge kinetic function for the hidden sector 
gauge interaction which gives a dominant contribution to the field-theoretic nonperturbative 
superpotential Wp in (34). Then the phenomenological value of ckqcd at Mgut gives 


4irRe(/E,) « 25. 


(40) 


We also hnd 

4irRe(/E;) k ^l,i(Mj„y/|W'F|) k ^|4.4 + T l,i(TeV/m3/2)], 

using Mgut ~ 2tiRq^ Ri 2 x 10^^ GeV, and also the expression of Wp in (35) together 
with the assumption that supersymmetry breaking is mainly due to Wp, not due to the 
M-theoretic non-perturbative term Wm in (34), and thus Wp ~ m^/ 2 Mp. (This assumption 
is not so crucial for our discussion.) Combining these with (11), we obtain 

(;)Re(r,) « 25 - ^|4.4 + Tl,i(TeV/m3,3)] - Re(Aj3, - A^j), (41) 

where \{li — I'j) are integral as required by ( 10 ). 
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In order to have a ?7(l)pQ-symmetry which avoids the hidden sector anomaly, one needs 
at least one of — I'j) to be a nonzero integer. Furthermore, as we have noticed, Aa 
in the gauge kinetic function corresponds to higher order correction in the strong coupling 
expansion and thus Re(Aa) is essentially of order one or less in the M-theory limit with 
Re(T/) 3> 1 0. Let us also recall that b is the positive coefficient of one-loop beta function, 
and rii and n 2 are model-dependent positive integers. Then comparing the large radius 
condition (39) with the phenomenological relation (41), we easily find that they can be 
compatible only for a rather limited set of the coefficients {|(// — /)■)}. For instance, if 
anyone of |(// — Ij) is signihcantly bigger than one, there has to be another coefficient with 
a similar magnitude but with a different sign. 

In the above, we have noted that the phenomenological viability of the large radius 
condition (39) crucially depends upon the quantized coefficients of the Kahler moduli su¬ 
perfields T/ in gauge kinetic functions, and in fact it is viable only for a rather restricted 
class of models. This is particularly true for supersymmetry-preserving compactihcations on 
a smooth Calabi-Yau manifold with vanishing Eg held strength. The hidden sector of such 
compactihcations does not contain any matter multiplet, and then n 2 b/ni corresponds to 
the second Casimir C 2 = tr(Tfjj) of the gauge group giving a dominant contribution to the 
held-theoretic nonperturbative superpotential Wf through the gaugino condensation. Since 
the hidden sector gauge group Gh is a subgroup of Eg commuting with the Wilson lines in 
the model, we have 2 < C 2 < 30. (If G/i = fl SU{Ni) x O A(l) for instance, C 2 = Max(W)-) 
In sect. Ill, we have shown that Ij = —I'j in generic compactihcations on a smooth six- 
manifold. It is also noted that if F'ab = 0, then one of the coefficients \{li — I'j) = h is 
a positive integer, while the other coefficients are still non-negative (see Eq. (15)). Sum¬ 
marizing these, for supersymmetry-preserving compactihcations on a smooth Calabi-Yau 
manifold with E'^^ = 0, we have 

^ liRe{Ti) ^ 25 - C 2 I 4 A + ^ ln(TeV/m3/2)] - Re(AFs - Af^), (42) 

where at least one of the non-negative integers Ij = J A A is non-zero, and 2 < C 2 < 30. 


28 


Since Re(Aa) corresponds to a subleading part of order one or less, the above result implies 
that (i) the nonvanishing Ij has to be hxed to be one, and (ii) C 2 can not be signihcantly 
bigger than its minimal value two, in order for the large radius condition (39) to be satished. 
In view of the boundary condition = h (see the discussion below Eq. (14)), this is 

possible only when (i) the quantized flux of the antisymmetric tensor held in M-theory has 


the minimal nonzero value: [G/2'k] = 1/2 in the notation of ref. fT^, and (ii) the hidden 
gauge group is broken by Wilson lines to a subgroup with small values of the second 
Casimir C 2 = tr(Tajj). 

As is well known, the QCD axion with a decay constant v 3> 10^^ GeV can be cos- 
mo logically troublesome Let us assume that axionic strings were inhated away in the 

early stage, and thus ignore the relic axions emitted from axionic strings. However still the 
coherent axion oscillation after the QCD phase transition in the early universe gives rise 
to relic axions which may overdose the universe at the present |]T^. If there is no entropy 
production after the QCD phase transition, the relic axion mass density (in the unit of the 


critical energy density) at the present is given by 




69 


3 X 10-3 


1.18 


A 


QCD 


200 MeV 


-0.7 


(43) 


10“ GeV, 

where 66 = 6a/v denotes the misalignment angle of the axion held at the time of QCD phase 
transition in the early universe. For the case with a late-time entropy production, the relic 
axions are diluted as Q 

V 


Qn ^ 69^ 


1-5/ TnH Aqcd 


1016 GeVy VOMeV; \200MeV) 


(44) 


where the big-bang nucleosynthesis requires the reheat temperature T^h ~ 6 MeV. 

The above formulae for the relic axion energy density indicates that if v > IO 12 GeV, 
one needs either a mechanism for the axion misalignment 69 -C 1, or a late time entropy 
production, or both. They also imply that v 3> lOi® GeV should be distinguished from v ~ 
IOI 6 GeV. In order to be cosmologically viable, the former requires a signihcant suppression 
of 69 independently of whether there is a late time entropy production or not, while the 
latter can be viable only with a late time entropy production with Tjih ~ 6 MeV. 
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The late time entropy production has been suggested a long time ago as a mechanism 
to make v 3> 10^^ GeV cosmologically viable [^. In fact, it can occur naturally in string 
effective supergravity models BH- For instance, moduli with m = 0(10) TeV or the 
flaton helds triggering thermal inflation lead to a huge entropy production after the QCD 
phase transition but still before the big-bang nucleosynthesis [P!U| , P5| . It was argued also 
that S6 may be relaxed down to a small value if there is a period in the early universe 
during which the expectation values of some moduli helds differ from the present ones and 


as a consequence a large effective axion mass mefr is induced If mes is bigger than 

the Hubble expansion rate if, the axion held would be driven to the vacuum value in this 
period. However usually the moduli values to raise up the axion mass raise up also the 
vacuum energy density |^, and thereby it is difficult to arrange rriefr ~ H. Furthermore, 
the axion vacuum value in this period generically dihers from the present one by the order of 
V, which would result in 66 ~ 1, unless the expectation values of the moduli which ahect CP 
violating phases are (approximately) same as the present values. Due to these difficulties, 
the mechanism for <56* -C 1 appears to involve too many cosmological assumptions. 

It is rather obvious that v S> 10^^ GeV for the QCD axion in M-theory limit. However 
in view of the above discussion, it is still a relevant question to ask whether v S> 10^® GeV 
or n ~ 10^® GeV. To answer this question, let us estimate the QCD axion decay constant in 
a simple model with hi i = 1. It has been pointed out recently that a simple dimensional 
reduction of eleven-dimensional supergravity leads to the Kahler potential of S and T which 
is very similar to the one obtained in weakly coupled heterotic string theory ||37|| : 


K = - \n{S + S*) - 3\n{T + T*). 


This Kahler potential may receive a sizable M-theoretical correction, however it is expected 
that our follwing analysis is not significantly affected by this correction as long as Re(S') S> 1 
and Re(T) S> 1. Using the above Kahler potential and the gauge kinetic functions in (26) 
with Z = 1, we hnd 
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where the ellipsis denotes the irrelevant terms including the high energy potential (514xion 
which has been argued to be of order ^^e previous section, and the axion 

helds a and a' are dehned as 


_27r(ngIm(S') + t;^Im(T)/2) _ 27rn3nj,(Im(S') - Im(T)/2) 

CL — / ' • CL — 






for the axion scales 


Mr 


= 


‘\/3Mp 


27iV2{Re{S))' ^ 7ry2(Re(T))‘ 

Here the axion decay constants v and v' are given by 


(45) 


VaV, 


S 


V = -\ v‘i + , v' = 

2V " ./t;2+t;2 


(46) 

The field combination a corresponds to the QCD axion which would solve the strong CP 
problem if Re(T) satisfies the large radius condition (39), while the other combination a' 
couples to the hidden sector anomaly and thus irrelvant for the strong CP problem. Here 
we assumed that the axion potential due to the hidden sector anomaly is much bigger than 
the QCD induced potential Vqcd ~ ^a' 3> nia- Note that in models 

with multi-gaugino (matter) condensations which are comparable to each other, the axion 
potential due to the hidden sector anomaly is of order then the hidden sector 

axion a' receives a mass of order m^f 2 Mp/v' ~ 10 ^m 3 / 2 - 

In M-theory limit, we have roughly Re(S') ~ Re(T) ^ l/acuT- Let us recall that 
the phenomenological relations (40) and (41) suggest that neither Re(S') nor Re(T) can be 
signihcantly bigger than 1/aauT- We then hnd from (45) and (46) that the QCD axion 
decay constant in M-theory limit is given by 


n ^ 5 X lO^y (25/Re(^))2 + (85/Re(T))2 GeV ^ 2 x 10^® GeV. (47) 


Here we stress that the large radius with Re(T) l/acuT is crucial for v ~ 10^® GeV, not 
the order of Mp, so that the QCD axion can be cosmologically viable in the presence of 
a late time entropy production without assuming any signihcant suppression of the axion 
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misalignment angle. If Re(T) -C l/acuT, the axion scale of the model-dependent Kahler 
axion would be of order Mp although the axion scale of the model-independent axion is 
still smaller than Mp by two orders of magnitudes: ~ ^^^Mp ^ 10^® GeV. In this case, 

the QCD axion decay constant v is essentially given by v^, 3> Ug, and as a result it would 
be of order Mp if Re(T) ~ 1 for instance. 

The energy density crisis of the QCD axion in M-theory may be ameliorated if there is an 
accidental axion-like field with a smaller decay constant . Let ai denote the string-theoretic 
QCD axion which corresponds to a linear combination of the model-independent axion Im(S') 
and the model-dependent Kahler axions Im(T 7 ). As discussed above, the decay constant and 
the high energy potential of ui obey vi 10^® GeV and SVa^ ^ ~ 

for Re(T) l/acuT- Let us suppose that there is an accidental axion-like held 02 with an 
unspecihed high energy potential dVa^ and the decay constant V 2 -C Ui. The axion effective 
lagrangian is then given by: 





axion 


where we have ignored the high energy potential of Oi. 

In this case, we have two pseudo-Goldstone bosons whose relic mass densities would 
be determined by the mass eigenvalues m* and the corresponding axion misalignments Sai 
{i = 1, 2). Let us examine how the presence of the accidental axion 02 affects the cosmology 
of the string-theoretic QCD axion Ui. If dVa^ ~ we have 



Obviously then having 02 with V 2 -C Vi changes neither the mass nor the initial misalignment 
of the original axion ui, and as a result our previous discussion of the relic mass density of 
the string-theoretic QCD axion remains to be valid. Furthermore, in this case the accidental 


axion-like field 02 can lead to its own cosmological problem unless m 2 is large enough (or V 2 
is small enough). 
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In the case with SVa 2 -C the mass eigenvalues and the misalignments are given by 


(mi ~ 



6ai ^ ui), 



6a2 ~ ^ 2 )- 


Then 02 corresponds to the true QCD axion with a decay constant ^2 "C Ui ~ 10^® GeV, 
which would be cosmologically safe without any late time entropy production or any sup¬ 
pression of the misalignment angle 662 = 5 a 2 /v 2 if V 2 ~ 10^^ GeV. However the other 
pseudo-Goldstone boson which is mainly the string-theoretic axion oi can still be cosmolog¬ 
ically troublesome. If there is no entropy production below the temperature Tqsc ~ ^/m^Mp, 
the relic mass density of oi (again in the unit of the critical density) at the present would 
be given by 


Q p:;;:: 


5 X 103 ^ 


1/4 




Vl 


lOi^GeV 




Although there is a suppression of the relic mass density by the small factor {dVa^l , 

this would not be so signihcant unless SVa ^/is extremely small. For instance, in the 
absence of a late time entropy production after Tqsc ~ -y/m^Mp and also of any suppression 
of the misalignment angle 69i = 6 ai/vi, the pseudo-Goldstone boson oi would be cosmo¬ 
logically safe only when SVa^ ~ 10“^^/^m^. In view of the absence of an exact continuous 
global symmetry in string theory |^, such an extremely small high energy potential of the 
accidental axion-like held is highly unlikely. We thus conclude that having an accidental 
axion like held with a decay constant much smaller than 10^® is not so helpful for amelio¬ 
rating the cosmological difficulty of the QGD axion in M-theory whose decay constant was 
estimated to be of order 10^® GeV. 

Acknowledgments: This work is supported in part by KAIST Basic Science Research 
Program, KAIST Genter for Theoretical Physics and Ghemistry, KOSEF through GTP of 
Seoul National University, Distinguished Scholar Exchange Program of KRF, and Basic 
Science Research Institutes Program BSRI-97-2434. 


33 











REFERENCES 


[1] E. Witten, Phys. Lett. B149, 351 (1984). 

[2] K. Choi and J. E. Kim, Phys. Lett. B154, 393 (1985); Phys. Lett. B165, 71 (1985). 

[3] R. D. Peccei and H. R. Qninn, Phys. Rev. Lett. 38, 1440 (1977). 

[4] M. Dine, N. Seiberg, X.-G. Wen, and E. Witten, Nncl. Phys. B289, 319 (1987); Nncl. 
Phys. B278, 769 (1986). 

[5] M. Dine and N. Seiberg, Phys. Rev. Lett. 55, 366 (1985); V. S. Kaplnnovsky, Phys. 
Rev. Lett. 55, 1036 (1985); M. Dine and N. Seiberg, Phys. Lett. B162, 299 (1985). 

[6] T. Banks and M. Dine, Nncl. Phys. B479, 173 (1996). 

[7] P. Horava and E. Witten, Nncl. Phys. B460, 506 (1996); Phys. Rev. D54, 7561 (1996). 

[8] E. Caceres, V. S. Kaplnnovsky and 1. M. Mandelberg, “Large-Volnme String Compact- 
ihcations. Revisited”, |hep-th/9606036 . 

[9] T. Banks and M. Dine, Phys. Rev. D50, 7454 (1994). 

[10] Y. Wn, “Snpersymmetry Breaking in Snperstring Theory by Gangino Gondensation and 
Its Phenomenology”, |hep-th/9706040| . 

[11] R. Holman et. ah, Phys. Lett. B282, 132 (1992); M. Kamionkowski and J. March- 
Rnssell, Phys. Lett. B282, 137 (1992); S. M. Barr and D. Seckel, Phys. Rev. D46, 539 
(1992). 


[12] M. Bershadsky, S. Gecotti, H. Ooguri and G. Vafa, Nncl. Phys. B405, 279 (1993). 

[13] L. Dixon, V. S. Kaplnnovsky and J. Lonis, Nncl. Phys. B355, 649 (1991). 


[14] E. Witten, “On Flnx Qnantization in M-theory and The Effective Action”, |hep- 
I th/9609122. 


34 











[15] J. Preskill, M. Wise and F. Wilczek, Phys. Lett. B120, 127 (1983); L. Abbott and P. 
Sikivie, ibid,133 (1983); M. Dine and W. Fischler, ibid, 137 (1983). 

[16] P. J. Steintiardt and M. S. Turner, Phys. Lett. B129, 51 (1983). 

[17] G. Lazarides, C Panagiotakopoulos and Q. Shah, Phys. Lett. B192, 323 (1987); M. 
Kawasaki, T. Moroi and T. Yanagida, Phys. Lett. B383, 313 (1996). 


[18] G. Dvali, preprint IFUP-TH 21/95. 


[19] T. Banks and M. Dine, “The Gosmology of String Theoretic Axions” |hep-th/9608197 


[20] D. J. Gross et. ah, Nucl. Phys. B267, 75 (1986). 


[21] E. Witten, “Strong Goupling Expansion of Galabi-Yau Gompactification”, [hep- 
I th/9602070| . 


[22] T. Banks, D. B. Kaplan and A. E. Nelson, Phys. Rev. D49, 779 (1994). 

[23] E. Witten, in Anomalies and Geometry Topology, ed. W. Bardeen and A. White (World 
Scientihc, Singapore, 1985); M. Dine and N. Seiberg, Nucl. Phys. B273, 109 (1986). 


[24] K. Ghoi and J. E. Kim, Phys. Lett. B165, 71 (1985). 

[25] L. Ibanez and P. Nilles, Phys. Lett. B180, 354 (1986). 


[26] H. P. Nilles and S. Stieberger, “String-Unihcation, Universal One-Loop Gorrections and 
Strongly Goupled Heterotic String Theory”, |hep-th/9702110 . 


[27] M. Green, J. Schwarz and E. Witten, Superstring Theory (Gambridge University Press, 
Gambridge, England, 1987). 


[28] V. Krasnikov, Phys. Lett. B193, 37 (1987); J. A. Gasas, Z. Lalak, G. Munoz and G. 
G. Ross, Nucl. Phys. B347, 243 (1990); T. Taylor, Phys. Lett. B252, 59 (1990); B. de 
Garlos, J. A. Gasas and G. Munoz, Nucl. Phys. B399, 623 (1993). 


[29] H. Murayama, H. Suzuki and T. Yanagida, Phys. Lett. B291, 418 (1992). 


35 







[30] E. Cremmer et. al., Nucl. Phys. B250, 385 (1985). 


[31] For a recent review, see for instance K. R. Dienes, “String Theory and The Path to 
Unihcation: A Review of Recent Developments”, hep-th/96U2U45|. 


[32] For a review see, J. E. Kim, Phys. Rep. 150, 1 (1987); E. W. Kolb and M. S. Tnrner, 
The Early Universe (Addison-Wesley, 1990). 


[33] M. S. Tnrner, Phys. Rev. D 33 (1986) 889. 

[34] D. H. Lyth and E. D. Stewart, Phys. Rev. D53, 1784 (1996). 

[35] K. Choi, E. J. Chnn and J. E. Kim, “Cosmological Implications of Radiatively Generated 
Axion Scale”, |hep-ph/ 9608222 . 

[36] K. Choi, J. E. Kim and H. B. Kim, Nncl. Phys. B490, 349 (1997). 

[37] T. Li, J. L. Lopez and D. V. Nanoponlos, “Compactihcations of M-theory and Their 
Phenomenological Conseqnences”, |hep-ph/9704247| ; E. Dndas and C. Grojean, “Fonr- 
Dimensional M-theory and Supersymmetry Breaking”, |hep-th/9704177| . 

[38] T. Banks, L. Dixon, D, Friedan and E. Martinec, Nucl. Phys. B299, 613 (1988). 


36 












